The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for personal research or study, educational, or not-for-prot purposes provided that:
Introduction
Thianthrene is a heterocyclic analog of anthracene but with two sulfur atoms substituting carbon atoms at the 9,10-positions. This structure leads to a bent, non-aromatic geometry of the central thianthrene ring [1e3] . Thianthrenes are commonly known due to their interesting electrochemical properties [3e7] and quite well studied chemistry [2, 3, 6, 8] . Thianthrene being an electron-donor with a stable mono-and bicationic forms [4, 7] has been used in several materials, including small molecules [2, 6 ,8e11] and polymers [12, 13] . Although the chemistry and electrochemistry of thianthrenes are well known, the photophysics has not been performed extensively. In particular, phosphorescent properties of thianthrene crystals have already been demonstrated [1] , but no study has been performed on its derivatives. Of particular interest are the room temperature phosphorescent (RTP) properties of thianthrene, which suggests this group can be used to promote dual fluorescence-phosphorescence at room temperature in its derivatives, which brings additional interest on thianthrene based compounds. The aim of controlling and tuning luminescence of organic materials in the solid state is an attractive topic for both fundamental research, and for practical applications in several fields. For example, the observation of dual luminescence [14] e.g. dual fluorescence-phosphorescence emissions at room temperature, (RT-DFP), enhances the possibility to achieve tunable luminescent characteristics under external stimuli, which expands the potential of these compounds in photonic and optoelectronic applications.
Room temperature phosphorescence in purely organic, nonheavy-metal-containing molecules has been investigated for many years [1,15e23] , and continues to be the topic of great interest, as confirmed by many recent publications, where RTP and RT-DFP are reported in several different systems [24e30] . Many of these molecules contain a non-metal d-electron element such as bromine, phosphorus, sulfur, tellurium or iodine, which enhances intersystem crossing from the emissive singlet state to the triplet state [15e23,31] . However, RTP or RT-DFP are observed usually in the crystalline [25] state, as powder, or in solid state blends, with the emitter dispersed in inert glassy host matrices made of amorphous polymers, such as PMMA, Zeonex ® or in b-estradiol films that are non-permeable by oxygen [32] . Hosts are used to restrict the competitive thermal non-radiative decay pathways and facilitate the radiative decay of the triplet state. However, there are a few examples where surprisingly RTP has also been reported in solution [33] .
While the strategies that have been implemented to restrict vibrations and induce RTP have gathered some success, further work is necessary to understand the mechanism driving RTP, and achieving design rules to obtain dual emitters is even a major challenge. It is still not clear why some emitters give origin to RT-DFP and others just to fluorescence, sometimes with very similar molecular structures and in the same host [34] . The main advantage of organic materials showing RT-DFP is the possibility to achieve ratiometric measurements due to the presence of fluorescence and phosphorescence bands that are observed simultaneously. This expands the dynamic range of the emission of these compounds and introduces an internal calibration, allowing their use in applications as optical thermometry [35e37], money anti-counterfeiting techniques [38] , oxygen sensors [39] , analytical chemistry [40] , mechanochromic materials [30] , and bioimaging [41] , among others.
Optimization of RT-DFP emitters involves enhancing the total luminescence yield, and achieving a large separation of the fluorescent and phosphorescent bands, which expands the colorful emission switching under external stimuli. However, increasing the separation of the two emission bands, implies achieving a large energy gap between the singlet (S 1 ) and triplet (T 1 ) excited states which negatively impacts the triplet formation yield, due to less favorable intersystem crossing, and thus giving weaker phosphorescence yield [26] . Therefore RT-DFP molecules need to be designed in a way that the intersystem crossing is enhanced, while the singlet-triplet energy is tuned to give well separated emission bands. In this study we present a group of thianthrene derivatives (Scheme 1) examining the effect of both the substitution positions and the type of substituent on their room temperature phosphorescent properties. The aim of the study is to understand structural and electronic effects, such as produced steric hindrance or donor/ acceptor properties, of popular substituents on thianthrene. We further examine the effect of pp* states on phosphorescence lifetime. Our results enabled us to understand the structure-property relationships in the RTP and RT-DFP systems based on thianthrene to further optimize the efficiency and performance of these emitters in future applications.
Interestingly, the phosphorescence in these thianthrenes, when dispersed in Zeonex ® matrix, shows broad, featureless spectrum at room temperature. However, while compounds 1a to 1c are mainly RTP emitters, compounds 2a to 2d are dual emitters but with different fluorescence-phosphorescence ratios, with compound 2a showing mainly phosphorescence, 2b and 2c showing dual fluorescence-phosphorescence bands, and 2d showing mainly fluorescence. However, while 2b, 2c and 2d have very low luminescence yields, 2a is a strong emitter with the luminescence yield close to 40%. This is a significantly strong phosphorescence yield at RT for a metal-free pure organic emitter.
Materials and methods

Materials
Thianthrene derivatives were synthesized as described in previous work [3] .
Photophysics
Absorption and fluorescence spectra were collected using a UV-3600 double beam spectrophotometer (Shimadzu), and a FluoroLog or FluoroMax-3 fluorescence spectrometer (Jobin Yvon). Low and room temperature measurements were acquired using a model liquid nitrogen cryostat (Janis Research) coupled with a rotary vacuum pump. Phosphorescence (PH) and prompt fluorescence (PF) spectra and decays were recorded using nanosecond gated luminescence and lifetime measurements (from 400 ps to 1 s) using a high energy pulsed Nd:YAG laser emitting at 355 (3rd harmonics) and 266 nm (4th harmonics) (EKSPLA). Emission was focused onto a spectrograph and detected on a sensitive gated iCCD camera (Stanford Computer Optics) having sub-nanosecond resolution. PF/ PH time resolved measurements were performed by exponentially increasing gate and delay times. Photoluminescence quantum yield of solid films was done according to the procedure described elsewhere [42] . Blends of all materials in Zeonex ® were made at 0.5e1% w/w concentration. Measurements taken at room temperature (295 ± 1 K) at all time unless stated otherwise. Fluorescence spectra in solution were recorded after degassing by 3 freeze/thaw cycles.
Electrochemistry
All measurements performed in 0. Maestro Materials Suite 2016-1 software package [50] . All alkyl chains have been reduced to methyl groups to decrease calculation complexity.
Results and discussion
Fluorescence and absorption spectra in solution and DFT calculations
The investigated materials were divided in two groups. The first one formed by compounds 1a-1c, consists of molecules with two thianthrene moieties connected by a bridge, whereas the second group, compounds 2a-2d, represents bisubstituted derivatives of thianthrene. All the compounds give blue fluorescence when dissolved in a non-polar solvent (Fig. 1) . Interestingly, the emission spectrum within each group of materials is very similar. The fluorescence spectrum of 1a-1c derivatives resembles thianthrene emission with the onset being only slightly red-shifted. Molecules 2a, 2c and 2d show well-resolved fluorescence spectrum, but 2b shows emission spectrum resembling thianthrene. Moreover, the fluorescence from compounds 2a-2d appears clearly at lower energies than fluorescence of 1a-1c as indicated by the onset of the fluorescence spectrum.
Before discussing the absorption spectra in Fig. 1 , it is essential to note the key features of thianthrene absorption spectrum (Fig. 1) . The reader can also refer to supporting information (Figs. S1 and S7). The UV-Vis spectrum of thianthrene in the presented wavelength range consists of two bands: 1) low energy band that forms a shoulder at l ¼ 270e340 nm with ε < 3. In contrast, the absorption spectra of derivatives 1a-1c consist of several absorption bands in the region of 270e360 nm where the thianthrene absorption is negligible. It is remarkable and interesting that the p-p * absorption band of thianthrene l max ¼ 257 nm These absorption bands are associated with p-p * transitions. It is worth to note that in this case the p-p * absorption band of thianthrene is no longer observed. This might suggest that thianthrene is in this case a part of a larger conjugated system. A shoulder is also observed at 320e380 nm in the absorption spectra of molecules 2a-2d, which is particularly evident in 2a, and similar to pure thianthrene, this shoulder can be associated to a n-p* transition. It is worth to note that overlap between those n-p* and p-p* absorption bands increases gradually from 2a to 2d which is expected to induce mixing of the np* and pp* excited states thus formed.
The conclusions from the analysis of the UV-Vis spectra of the presented thianthrenes are consistent with the calculated HOMO and LUMO surfaces ( Fig. 2 and Table S2 ). The thianthrene moiety shows a high contribution of non-bonding electrons of sulfur to the HOMO, which makes the HOMO / LUMO transition to be of n-p* character. The same conclusion can be drawn from the observation of the HOMO in 2a-2d, where the contribution of the non-bonding electrons of sulfur is particularly evident. In case of 1a-1c the HOMO / LUMO transition is dominated by the bridge with some contribution of thianthrene to the LUMO. In 1a the nitrogen and sulfur atoms of phenothiazine bridge clearly contribute to the HOMO with their non-bonding electrons, making the HOMO / LUMO transition to be n-p*. In 1b the nitrogen atom of carbazole contributes to the HOMO giving somehow n-p* character to the energetically lowest transition. In 1c the HOMO is clearly dominated by p-conjugated system of fluorene which indicates p-p* character of HOMO / LUMO transition.
Photoluminescence in solid state
All the molecules studied here show phosphorescence at room temperature that is comparable in intensity or much more intense than fluorescence (Fig. 3) , when dispersed in a commercially available amorphous polymer Zeonex ® 480 with high t g ¼ 138 C
[51] and noticeable air-permeability. The difference between emission recorded in air and in vacuum is due to the quenching of long-lived triplet states by oxygen. Therefore, by comparing the spectra in Fig. 3 in air and in vacuum it is possible to quantify the relative contributions of fluorescence and phosphorescence to the overall emission, with the assumption that in vacuum no triplet oxygen quenching effect is present. Fig. 3 also shows that in case of derivatives 1a-1c and 2a the contribution of phosphorescence is very high and exceeds 90% of the total photoluminescence at room temperature. This is more than for pure thianthrene. The high photoluminescent quantum yield in these compounds and the large contribution of phosphorescence to the total luminescence, see Table 1 , indicates that the phosphorescence properties of thianthrenes 1a-1c and 2a are induced by a high triplet formation yield. This is caused by the presence of two sulfur atoms in the thianthrene core giving origin to an enhanced spin orbit coupling due to the presence of lone pairs in the sulfur and heavy atom effect. However, in the case of derivatives 2b-2d the electrondonating effect (see below) of substituents causes reduction of the phosphorescence contribution to z50% in case of 2b and 2c and to only z25% in case of 2d. In these compounds, the reduction in the phosphorescence contribution is accompanied by the observation of a weak fluorescence band at high energies. This indicates that in compounds 2b-2d the radiative decay of the singlet excited state is able to compete with the slow intersystem crossing, and so less triplets are formed in these compounds (also see Table S1 ). Dual luminescence, i.e. RT-DFP, is thus achieved. However, the very low luminescence (fluorescence þ phosphorescence) quantum yield of these compounds in solid state, roughly F < 0.1, without the presence of oxygen (Table 1) suggests that these thianthrenes are affected also by significant internal conversion. The presented materials show strong dependance of emission intensity and photoluminescence color upon oxygen concentration. This is because the blue fluorescence is almost not affected by oxygen, while the phosphorescence is strongly suppressed by oxygen, therefore the fluorescence-phosphorescence ratio at a certain temperature is itself an indication of total amount of oxygen in the surrounding atmosphere.
Cyclic voltammetry
Cyclic voltammetry (CV) was chosen to investigate the first oxidation potential of thianthrenes to explain the effects of substituents on the electron-donating properties of the compounds. Withdrawal of the electron from the compound in a redox reaction is performed from its HOMO, therefore CV gives an insight into the properties of the highest occupied molecular orbital.
Oxidation of thianthrene is reversible (Fig. 4) as reported in the literature [5, 7] . All presented thianthrenes, except 2d, show reversible process as well. The oxidation onset potential of thianthrene 0.74 V is very close to the oxidation potentials of derivatives 1a-1c and 2a: 0.71e0.75 V. This behavior is especially surprising for 1a, where electron-rich phenothiazine is expected to oxidize at lower potential (E ox ¼ 0.1 V vs. Fc/Fc þ ) than thianthrene does [52] . Fig. 3 . Photoluminescence spectra in Zeonex ® in presence of air and in vacuum. Recorded at 295 K using 330 nm excitation. Note the absorption spectra in Zeonex ® can be found in Fig. S1 .
In case of derivatives 2a-2d the oxidation potential lowers with the increase of electron-donating properties of substituent in the order from electron-deficient pyridine in 2a to the most electron-rich ethylenedioxythiophene (EDOT) in 2d. The electron-donating impact of the substituent in conjugated molecules 2b-2d moves the HOMO towards the electron-rich groups (Table S2 in supporting information), therefore reducing the contribution of non-bonding electrons to the HOMO. In the most electron-rich 2d the oxidation is centered mainly on the EDOT group which as a result gives an irreversible oxidation. EDOT and EDOT-containing molecules are known of being able to electropolymerize [53, 54] and this is the most probable reason why 2d shows irreversible oxidation. Film formation on the electrode has been observed as a consequence of electrooxidation of 2d which confirms this statement. Interestingly, the electrochemical oxidation of thianthrenes correlates with their photophysical behavior. In particular, the derivatives 1a-1c and 2a show large contribution of phosphorescence in total emission (>90%) (Table 1) e the same compounds for which the oxidation potential differs only ±0.04 V from the thianthrene. In case of 2b-2d where the electron-donating effect of substituent starts to be important, the contribution of phosphorescence decreases dramatically to reach only z25% for 2d. Moreover, with decreasing intensity of phosphorescence, structure of the 2d spectrum is enhanced, which is particularly evident at low temperature. Fig. 5 shows that the phosphorescence spectra of derivatives 1a-1c at room temperature are almost identical to the phosphorescence spectrum of thianthrene under the same conditions, whereas derivatives 2a-2d show a red-shifted spectrum. The difference between the 1 and 2-series of thianthrenes is the position where thianthrene is substituted. It was shown earlier in text that 2a-2d compounds are well conjugated, whereas in 1a-1c, due to steric hindrance, the conjugation between thianthrene and the bridge unit is broken. This is also consistent with MO surfaces and simulated molecular geometry (see Table S2 ).
Time-resolved photoluminescence study
It is also worth noting that the phosphorescence spectra of compounds 1a-1c and 2a are featureless, both at RT and 80 K, with the same effect being observed for pure thianthrene. However, low temperature spectra of 1a, 1b and 2a are all blue-shifted in the same manner, with the exception of compound 1c, for which the phosphorescence is not blue shifted. This shows that at higher temperatures the triplet state of these compounds is able to relax, probably due to the molecule adopting a new conformation and affecting the excited state of these thianthrenes derivatives. Remarkably, compounds 2b-2d behave differently e their low temperature phosphorescence spectrum has a clear vibronic structure, and the onset of their phosphorescence spectrum does not shift with temperature, unlike that of 2a, 1a, and 1b. The lack of structure in the phosphorescence spectrum, even at low temperature, can be a result of interconverting excited state conformers. Indeed, the thianthrene moiety is expected to wobble by the inversion of configuration at the sulfur atoms. Moreover, in the 2a-2d series the electron-donating/accepting properties of the substituents strongly affect the phosphorescence contribution to the overall luminescence and cause a significant effect on the phosphorescence spectrum. This suggests that the five-membered heterocyclic ring affects the electronic structure of thianthrene through conjugation and the effect escalates with electron-donating properties of the substituent (2d). In this case pyridine moieties in 2a, that are acceptors, can be treated as the least electron-donating substituents. This is supported by the computational study (Table S3 ) that shows which in this series the dihedral angle between the substituent and respective thianthrene phenyl ring is small enough to allow conjugation. As a result of conjugation the electrochemical oxidation potential of derivatives 2a-2d correlates with the results of the photophysical studies.
It is particularly clear that the behavior of 2a-2d, is a consequence of their chemical structure and is closely related to their electronic structure which is expressed i.e. through electrochemical and calculation results. On the other hand, the mechanism causing the reduction in phosphorescence intensity in the series from 2a to 2d is related to an increase of both fluorescence and internal conversion rate constants.
Analysis of time-resolved emission spectra of 2a reveals that a weak delayed fluorescence is also present (Fig. S5) . However, power dependence studies, show that this delayed emission is due to triplet-triplet annihilation rather than thermally activated delayed fluorescence, moreover the singlet-triplet energy difference in 2a, DE ST ¼ 0.46 eV, is also too large for an efficient TADF to be observed.
Interestingly, the thianthrene molecules studied here, have comparable phosphorescence lifetimes of 6e16 ms, except 1c, the fluorene derivative, which shows a lifetime around 88 ms. It is also significant that only 1c shows lifetime of phosphorescence significantly different than pure thianthrene under the same conditions (18 ± 1 ms). The phosphorescence emission in this case is so longlived that it can be observed by direct visual observation even a few seconds after laser excitation. This observation is fully consistent with the DFT calculations of MO surfaces, (Table S2) , which show strong contribution of p electrons of fluorene to the HOMO whereas in all other molecules a non-bonding electron pair such as that of nitrogen or sulfur strongly contributes to the HOMO. At this point the HOMO / LUMO transition has the strongest p-p * character in compound 1c, whereas in all the other cases it is mostly of n-p * character, which is also consistent with their UV-Vis absorption spectra (Fig. 1) . In this case the fluorene moiety strongly affects not only the lowest singlet excited state, but also the lowest triplet state. This is particularly evident when the exceptional properties of 1c phosphorescence are noted such as much longer lifetime or different behavior of the spectrum at RT and 80 K e no blue-shift at low temperature. This observation suggests the localization of the lowest triplet state on the fluorene moiety, whereas in other cases the T 1 properties are dominated or strongly affected by thianthrene. As the data suggest (Table S1 ) the fluorene moiety reduces the radiative rate constant of the triplet state, thus giving long-lived phosphorescence. This shows the potential to further improve the phosphorescence yield and increase the lifetime of thiantrene derivatives by suppression of the non-radiative decay. Finally, all these thianthrenes derivatives show long phosphorescence lifetimes at room temperature, ranging from 6 to 88 ms (Fig. 6, Table 1 ). Moreover, the phosphorescence decays monoexponentially in almost all cases, with exception of compound 1a. The biexponential behavior of the phosphorescence decay in 1a is accompanied by the change of the phosphorescence spectrum with time e a small blue-shift of the spectrum is observed at room temperature (Fig. S3) . A similar, but less significant shift is observed in the case of compound 1c, but this compound shows rather monoexponential decay. This behavior clearly suggests involvement of two emissive species in 1a and 1c. These species can either be two excited state conformers or two simultaneously emitting local triplet states. In the latter case the emissive states can be associated with thianthrene side groups and the bridge, whereas interconversion between the states is slow. In case of 1b the carbazole has much higher triplet energy than thianthrene (z3 eV) [55, 56] thus all energy is transferred to the lowest triplet state of thianthrene by internal conversion. This does not apply to 2a-2d where the modifying group is conjugated with thianthrene resulting one excited state.
Conclusions
Thianthrene derivatives with different substituents and substitution positions have been shown as purely organic room temperature phosphorescent emitters with large (>90%) or moderate phosphorescence contribution to the total photoluminescence. Molecules showing green phosphorescence of lifetime t ¼ 88 ± 6 ms and strong (f z 0.4) yellow triplet emission have been presented. It has been shown that substituents of thianthrene may tune the lifetime of phosphorescence and fluorescencephosphorescence ratio, thus giving a variety of RTP and DFP-RT emitters. On the other hand, tuning of the phosphorescence color is performed mainly by the extension of their conjugation. By substituting thianthrene at position 1-the substituents are weakly conjugated due to a steric hindrance e this results in green phosphorescence similar to that of thianthrene -whereas at 2,8-positions steric hindrance is reduced e conjugated systems show yellow triplet emission.
It has been observed that conjugated electron-rich substituents reduce the RTP intensity of thianthrene, they also have strong influence on the phosphorescence spectrum. This is due to depleting the n-p* character of the excited state by conjugated p-donor furan/thiophene-based systems. Such a substituent reduces the triplet formation yield of molecule by inducing larger radiative and internal conversion rate constants of a singlet state. This phenomenon is well correlated with electrochemical onset oxidation potential and escalates with decrease of its value, so with increase in electron-donating effect of the substituent.
It has been presented that thianthrene may act as a RTPpromoting unit, which induces efficient intersystem crossing, whose phosphorescent properties may be tuned by substituents. Although thianthrene itself presents reasonable RTP properties, its absorption >280 nm is very weak which limits the possible application as an optical ratiometric sensor. Substitution of the thianthrene moiety with popular chromophores is therefore crucial to pave the way for possible applications due to introduction of strong p-p* absorption bands in the region of 280e380 nm, which allows the molecules to be excited by popular light sources, such as nitrogen or Nd:YAG lasers and laboratory UV-lamps. This opens a new route of designing molecules for applications as room temperature phosphorescent agents. Numbers of possible modifications of thianthrene [2] show the possible pathways in future studies that also include their application as phosphorescent dyes with tunable phosphorescence color or metal-free OLED emitters.
